Abstract A new technique for molten salt mass determination, termed radioactive tracer dilution, that uses 22 Na as a tracer was validated at bench scale. It has been a challenging problem to determine the mass of molten salt in irregularly shaped containers, where a highly radioactive, high-temperature molten salt was used to process nuclear spent/used fuel during electrochemical recycling (pyro-processing) or for coolant/fuel salt from molten salt reactors. A radioactive source with known activity is dissolved into the salt. After a complete mixture, a small amount of the salt is sampled and measured in terms of its mass and radioactivity. By finding the ratio of the mass to radioactivity, the unknown salt mass in the original container can be precisely determined.
Introduction
Electrochemical recycling processing (aka ''pyroprocessing'') of used nuclear fuel is currently being developed and evaluated for potential commercial implementation by several countries. It is considered to have a great promise for being applied to managing used nuclear fuel and potentially recycling actinides for use in either thermal or fast neutron spectrum reactors. This process has been used at Idaho National Laboratory (INL) to treat used fuel from Experimental Breeder Reactor-II (EBR-II) for final disposal since 1996 [1] .
At the heart of the electrochemical recycling process is an electrorefiner (ER) containing a molten salt pool of LiCl-KCl * eutectic with minor fraction of UCl 3 at 500°C. During the electrorefining process, used fuel in metal form is electrochemically dissolved into the molten salt and refined uranium metal simultaneously deposits on the cathode as a product. Fission products that are more active than UCl 3 partition from the fuel to the salt phase. Minor actinides such as Pu, Np, Am, and Cm may also partition from the fuel to the salt and can be recovered by electrochemical means when it is desired.
Nuclear material accountancy (NMA) is the cornerstone for the International Atomic Energy Agency (IAEA) to implement international nuclear safeguards to its member states [2, 3] . To perform the NMA with an electrorefiner, the total mass of the molten salt which contains dissolved nuclear materials has to be determined. However, determination of the mass of salt inside the high-temperature and highly radioactive electrorefiner (ER), which has an irregular inner shape, has been a great challenge. Various methods have been studied to estimate the mass of salts and materials inside an ER. One such method is by using level measurements and the prior ER volume calibration data. Since the ER is not a perfect right circular cylinder, and is composed of many internal components and instrumentation, the volume of the material added is not directly proportional to the level to which it is filled. In the past, volume calibration was conducted using both water and LiCl-KCl salt [4] , in which the ER was incrementally filled twice, once with water and once with the salt, and measured to estimate the volume. A correlation between the water and salt was then found. This method produces a volume calibration curve, which gave an accurate measurement of the volume, and was used in various studies [5] [6] [7] [8] to estimate the mass in the ER if the density was known. In a recent publication, salt density estimation was performed at an electrorefiner, which is located in the hot cell of Fuel Conditioning Facility, Idaho National Laboratory, using a thermodynamic model, which took into account the mass fraction of each chloride that can be found in the salt [9] . The mass fractions of the salt were calculated using the validated REBUS/RCT-3 code. While these methods work decently for an experimental setting, they leave much to be desired in various complicated nuclear material accounting scenarios. One disadvantage is that the aforementioned mass estimation processes can only be used for an ER facility that has a predetermined volume calibration curve. If a new electrochemical recycling facility, or one that has not been precalibrated were to be inspected, calibration data might not be available to an inspector. Likewise, every time a new component is installed in the ER, a new calibration experiment would have to be performed, which has become impossible.
A new technique, termed radioactive tracer dilution (RTD), for molten salt mass determination was proposed at INL. The proposed RTD method will dissolve a radioactive source with known activity into the salt, and a small amount of the salt will be sampled and measured in terms of its mass and radioactivity. By finding the ratio of the mass to radioactivity, the unknown mass in the original container could be precisely determined. This method is, by nature, similar to the radioactive tracer dilution for flow measurement. The measurement of change in concentration of radioactive tracer has also been applied to determine the transport number in molten salt mixture [10] . However, the mass determination of molten salt with a radioactive tracer in a highly radioactive system containing many radionuclides is a new challenge and has not been validated. In this paper, we will present the RTD method for salt mass measurement with results and discussion given to support the methodology, which is simple and does not require prior knowledge of the volume and density of salt inside the ER vessels.
Isotope tracer selection
A few options for radioactive nuclides that could be used as a tracer are listed in Table 1 . Among them, 22 Na was chosen because (1) it is not a fission product, (2) it dissolves in many chloride and fluoride salts, (3) it emits one 1274.54 keV gamma ray at 99.94% intensity, (4) 1274.54 keV is high enough to be outside of the Compton plateau of many fission products in the gamma energy spectrum, and (5) its half-life is neither too long nor too short for a practical application. The other possible candidates, 24 Na and 82 Br, have a half-life that is too short for a practical deployment. The 60 Co, on the other hand, may still be present in some of the spent fuel. The drawback of using 22 Na is that one of the fission products, 154 Eu, emits a 1274.42 keV gamma ray at 34.8% intensity that is almost entirely overlapped with the 22 Na main peak. The remedy is to count the lower energy lines (e.g., 123.07 keV at 40.4%; 723.3 keV at 20.06%; 1004.76 keV at 18.01%) from 154 Eu, by which its contribution to 22 Na's peak can be calculated and subtracted using the known 154 Eu decay branching ratio.
Experimental
Two sets of measurements were performed as a part of this study. The purpose of the first set was to demonstrate linearity between the 22 Na activity and salt mass, and the purpose of the second set was to demonstrate that the RTD method could be used in the presence of an interfering radioisotope such as 154 Eu.
Source preparation
For the first set of measurements, 10.59 lCi of a commercially available (Eckert & Ziegler Isotope Products) radioisotope 22 Na, in the form of a 22 NaCl aqueous solution sealed in a glass ampule, was purchased. Upon breaking the ampule, about 2 mL of the solution was transferred to an empty crucible, and the crucible was dried in an oven. For the second set of measurements, the 22 Na liquid source purchased for the experiment was 10.18 lCi in 5 mL of the same commercially available 22 NaCl aqueous solution. Likewise, the 154 Eu liquid source was 11.35 lCi in 5 mL of a commercially available form of 154 EuCl 3 in a 0.5 M HCl solution. Using lessons from the first set of measurements, these liquid sources were ordered in glass vials with screw caps rather than ampules that had to be broken open. Because the interfering 154 Eu isotope will likely be in larger quantities than the tracer 22 Na isotope in an actual measurement scenario, an approximate 2:1 ratio of 154 Eu to 22 Na was chosen for the experiment.
Using a pipette, 1.25 mL of the 22 Na solution was transferred to the empty crucible, shown in Fig. 1 . The crucible was dried in an oven at *60°C. After being removed from the oven, the liquid on the bottom of the crucible was no longer visible, and the source material appeared as a thin reflective layer on the bottom of the crucible. The crucible was covered with a layer of plastic PVC film, and a spectroscopy measurement was made using a high-purity germanium (HPGe) detector. Using a clean pipette tip, 2.5 mL of the 154 Eu solution was transferred to the same crucible, which was then dried, sealed, and measured again for the initial activity of 154 Eu using a HPGe detector. The final resulting radioactivity in the two studies, one using a single source and the other using a mixed source, are listed in Table 2 .
Salt preparation
The LiCl-KCl (45-55%) salt with 99.99% purity was purchased for from APL Engineered Materials Inc. After the 22 Na or the 22 Na/ 154 Eu mixture had been added to the crucible, LiCl-KCl powder was added to the crucible inside a glovebox (4.1 ppm of O 2 and 0.2 ppm of H 2 O throughout the sample preparation). The crucible was then heated to 550°C inside a Kerr Auto Electro-Melt furnace for 16 h and the liquid salt mixture was intermittently stirred to reach equilibrium. In the first set of measurements, the alumina crucible sample was allowed to cool inside the furnace. After approximately 6 h, the solidified salt in Crucible 1 had cooled to room temperature. Due to the difficulty of removing the entire salt sample from Crucible 1, a pick was used to slowly remove small pieces of salt. The pieces of the salt were collected and then distributed to additional crucibles labeled Crucible 2 and Crucible 3. It is important to note that the crucibles in the first study were not reused, and they were properly disposed of after gamma spectrum measurement.
In contrast, in the second set of measurements, the molten salt was poured onto a stainless-steel tray from the crucible while still in liquid form. The liquid salt was allowed to cool to a solid, and was then broken into small pieces and portioned into 3 crucibles. The second approach makes it easy for salt removal from the crucible and the partition, reducing the contamination risk.
In both sets of measurements, once the salt mixture had been distributed to three crucibles, they were removed from the glovebox and transported to the gamma counting room for activity measurements to determine the unknown salt masses.
Measurement
An HPGe detector was used in a gamma-ray spectroscopy system (GRSS) to measure the gamma-ray emission spectrum from the samples. The system was calibrated with a NIST-traceable source placed in an empty crucible identical to those used for the samples. The source-to-detector calibration distance was sufficient enough to assume a point source for both the calibration source and for the sample measurements. The GRSS and an example spectrum are shown in Fig. 2 .
Results and discussions 22 Na
In the first group of samples, the salt was only spiked with 22 Na. A total of 5.49 ± 0.07 lCi 22 NaCl was added to 20.0054 grams of LiCl-KCl, resulting in a mass specific . After melting, mixing, and cooling, as described in the previous sections, four pairs of mass versus radioactivity data were measured, with data shown in Table 3 . A least-squares fit of the data yielded a line through the origin with an R 2 value of 0.9996 and with a slope of 0.273 ± 0.002 lCi/g, as shown in Fig. 3 . The mass of an initial (assumed unknown) sample of salt could be calculated by dividing its measured activity by this slope, which yields 20.1099 ± 0.2564 grams. This mass value measured through radioactivity falls into one standard deviation of the original mass of the salt, which was measured initially with a balance. It was concluded that the measurement performed in this study validates the concept of RTD.
Na and Eu isotopes
In the second group of samples, the salt mass measurements with both 22 Na and 154 Eu were conducted per the procedures described above, with results presented in Tables 4 and 5 .
The activity and mass of 154 Eu shows the same linear relationship, indicating there is a uniform solubility of fission products (i.e.
154 Eu) in molten salt, as seen in Fig. 4 . The same linear relationship is also seen again for 22 Na in Fig. 5 . A large deviation of the third data point is attributed to reusing the mixing crucible (Crucible 0) as Crucible 2. The 22 Na and 154 Eu sources were added to Crucible 0 as liquid solutions and evaporated. After the salt was added and the mixture was heated as described above, the sources and salt mixture was removed from Crucible 0, divided into smaller portions, and placed into Crucibles 1, 2, and 3. During this process, Crucible 0 was reused and designated Crucible 2. Because EuCl 3 is less soluble than NaCl, it is likely that some of the 154 Eu remained in Crucible 0 after the heating and mixing process. Therefore, the activity of 154 Eu in Crucible 2 is higher than expected, given the mass of salt in that crucible. This also explains why only the 154 Eu is elevated, rather than both nuclides. Future work should ensure that clean crucibles are used in each stage of the procedure.
The 22 Na activity was determined with its main peak 100% masked by the interfering 154 Eu isotope. Nine peaks were found for 154 Eu, including the one at 1274.42 keV. The intensity and efficiency information for all nine peaks were used, as was the intensity and efficiency for the 1274.54 keV peak of 22 Na, to determine the integrated peak counts for 1274.42 keV, thus to find the corrected activity value of 22 Na. A list of the peaks found were as follows: 123.1, 247.9, 591.8, 723.3, 756.8, 873.2, 996.2, 1004.7, and 1274.46 keV. Although one lower energy peak could supposedly produce the correct 22 Na activity, eight peaks were used to find the average value for a higher accuracy of corrected activity. The deconvolved results show a linear relationship between 22 Na activity and salt mass, proving that the unknown salt mass could be determined by 22 Na tracer even with the interference from 154 Eu.
Discussions on uncertainty
One dilemma of the experimental procedure was an inability to easily remove the salt sample from the mixing crucible after it had cooled in the furnace. The initial method used was to slowly chisel small pieces of salt out of the crucible. This hammering style of removal led to a larger mass loss (-0.5716 g) of the salt than is desired. However, this does not affect the measured mass versus its corresponding activity. One solution to this dilemma would be to partition the salt while it is still in molten state from the furnace, as was done in the second study. However, this solution would considerably increase the amount of time necessary for sample preparation and still poses the risk of contamination in the glovebox. Another solution to this problem would be to change the crucible used from an alumina crucible to a glassy carbon crucible. From previous testing in our lab, we have found it to be nearly impossible to remove an intact salt sample from an alumina crucible, whereas removing an intact salt sample from a glassy carbon crucible is nearly always successful. By removing an intact salt sample from the crucible, the mass loss due to breaking the salt into pieces could have been reduced.
Conclusions
Samples of salts with 22 Na and 154 Eu activities were prepared, mixed, cooled, separated, and measured in terms of their mass and radioactivity. The 22 Na activity in the sampled salt can be precisely measured, even with its 1274.54 keV peak entirely masked by one of the 154 Eu peaks, which positively support the validity of the proposed RTD concept. A real-world salt contains abundant fission products, of which the Compton plateau, mainly from 137 Cs, could affect the spectral analysis of those low energy 154 Eu peaks. Further work is ongoing to investigate the sensitivity, i.e., what would be the minimum 22 Na activity that could be added but is still detectable in the sampled mass of salt under those interfering peaks from 154 Eu to 137 Cs. This method also applies to molten salt fuel or cooled reactor technologies where a determination of salt mass in a loop or container are desired.
